ABSTRACT: The present longitudinal study examined relations between respiratory sinus arrhythmia (RSA) development and social responsiveness characteristics associated with autism spectrum disorders. Group-based developmental trajectory modeling was used to characterize RSA development patterns in 106 typically developing children across 5, 10, 24, 36, and 48 months of age. A twogroup model fit of RSA development was found: a ''typically'' and ''atypically'' developing group. The typical group gradually increased in RSA across 5-48 months of age. The atypical group, however, increased in RSA from 5 to 24 months and demonstrated a plateau or ''delay'' in RSA development from 24 to 48 months. The atypical RSA development group also demonstrated more difficulties in parent-reported social responsiveness at 48 months. The results support current literature that identifies RSA as a marker of social functioning level. ß 2013 Wiley Periodicals, Inc. Dev Psychobiol 56: 317-326, 2014.
INTRODUCTION
The intersection of physiological systems, development, and psychopathology is critical in understanding processes that may contribute to the expression of typical and atypical behavior (Insel et al., 2010; Van Praag, Asnis, Kahn, & Brown, 1990) . One measure of peripheral physiology, respiratory sinus arrhythmia (RSA), has been linked to both typical and atypical socialemotional and cognitive development (Bal et al., 2010; Gentzler, Rottenberg, Kovacs, George, & Morey, 2011; Gentzler, Santucci, Kovacs, & Fox, 2009; Patriquin, Scarpa, Friedman, & Porges, 2011; Staton, El-Sheikh, & Buckhalt, 2008; Van Hecke et al., 2009; Wetter & El-Sheikh, 2012) . At the physiological level, RSA is a measure of heart rate variability (HRV) that occurs at the rate of spontaneous breathing (Porges, 1985; Porges & Bohrer, 1990) . That is, RSA is the interval between heart beats that varies at the rate of respiration, and it is associated with parasympathetic activation. Although RSA has been found to increase over infancy and early childhood and reach stable adult levels by 5 years of age (Bornstein & Suess, 2000) , the developmental trajectory of RSA during these years has yet to be described in relation to social responsiveness. Thus, the current study examined the developmental trajectory of baseline RSA in children at 5, 10, 24, 36, and 48 months of age. In order to explore associations between RSA and social responsiveness, RSA developmental trajectory groups were then compared on parent-reported social responsiveness measured at 48 months. Because deficits in social responsiveness are often associated with autism spectrum disorders (ASD), the current study highlights a pattern of RSA that may serve as a potential physiological marker for difficulties in a continuum of ASD-related social behaviors.
Conceptualization of Respiratory Sinus Arrhythmia
Conceptually, RSA indexes the functioning of the vagus nerve (cranial nerve X), which exerts parasympathetic control over the heart (Porges, 1995) . For example, when the vagal ''brake'' is applied, or there is more activity of the vagus nerve, the vagus will slow the human intrinsic heart rate via regulation of the sinoatrial node (''pacemaker'' of the heart). In this example, when the vagus exerts more activity on the heart, RSA increases. Conversely, when the vagus nerve withdraws activity from the sinoatrial node, parasympathetic activity to the heart decreases, and heart rate can increase (for the debate on the reciprocal nature of parasympathetic/sympathetic response see Berntson, Cacioppo, & Quigley, 1991) . As such, increased vagal activation is thought to reflect parasympathetic functioning, which supports the restoration of calm and physiological functioning when the body is at rest (Porges, 1995) .
RSA and the vagus nerve have been theoretically linked to social engagement. The Polyvagal Theory, in particular, is a biobehavioral perspective that outlines central and autonomic physiology that contributes to human response in safe social interactions, danger, and life threat (Porges, 1995 (Porges, , 1998 (Porges, , 2001 (Porges, , 2003 (Porges, , 2007b (Porges, , 2009 Porges & Lewis, 2009 ). The neurophysiological circuit hypothesized to support interaction in safe social contexts includes the myelinated branch of the vagus and the nucleus ambiguus of the medulla. When the vagus is active, reflecting parasympathetic activity on the heart, it is hypothesized that this state promotes effective social communication. The theory posits that specific cranial nerves, centrally located in the brainstem, may be more coordinated when an individual is in this physiologically ''soothed'' and in a parasympathetically mediated state. More specifically, the Polyvagal Theory outlines five cranial nerves that form a Social Engagement System that regulates the striated muscles of the face and head to help coordinate effective social behavior (i.e., cranial nerves V, VII, IX, X, and XI; see Porges, 2009 ). RSA provides a broad indicator of the functioning of the Social Engagement System and therefore may give insight to the psychopathologies that affect social behavior (e.g., ASD; Porges, 2007a) .
Development of RSA
Over the first year of life, longitudinal studies have demonstrated that baseline RSA increases and baseline heart period (HP) or heart rate (HR) decreases (i.e., HR slows; Izard et al., 1991; Richards, 1989; Stifter, Fox, & Porges, 1989) . In particular, it has been reported that 13 month olds have a mean baseline RSA of 3.7, increasing to a mean baseline RSA of 4.3 at 18 months, and 5.7 at 36 months (Porges, Doussard-Roosevelt, Lourdes Portales, & Suess, 1994) . Further, children's baseline RSA reaches adult baseline RSA levels around 5 years of age (Bornstein & Suess, 2000) and is stable into childhood and adolescence (El-Sheikh, 2005) . As RSA increases with development, a child's physiological and behavioral responses become more organized. Thus, differences in the development of RSA may be related to the development of social-cognitive outcomes.
For example, one study examined associations between changes in baseline RSA from birth to 5 years of age and social-emotional and cognitive development (Feldman & Eidelman, 2009 ). Both cognitive ability and social engagement increased linearly from birth to 5 years. Significant growth in cognitive skills was seen between 2 and 5 years of age (e.g., symbolic competence, language) and there were large improvements in social skills (e.g., vocalization, gaze, social initiation) during the first years of life. Further, the effects of RSA occurred during the periods of the most growth in both social-emotional and cognitive domains. The authors concluded that it might be during periods of dramatic social, emotional, and cognitive changes that a more adaptive or flexible physiological system will promote quicker adaptation to environmental stimuli or social signals.
Yet, some individuals may not develop the physiological organization necessary to promote effective social engagement and cognitive skills. One relevant cluster of disorders, ASD, are characterized by both social-cognitive difficulties and differences in RSA.
ASD and RSA
ASD is characterized by marked impairments in nonverbal behaviors (e.g., eye-to-eye gaze, facial expression), lack of spontaneous seeking to share enjoyment, interests, or achievement, and the delay in, or total lack of, the development of spoken language (DSM-IV-TR; American Psychiatric Association, 2000). Interestingly, many of the nerves outlined in the Social Engagement System of the Polyvagal Theory support social behaviors that are difficult and symptomatic for individuals with ASD. For instance, the accessory nerve (XI) supports joint attention and the ability to orient to stimuli by innervating in the sternocleidomastoid (neck muscle) and trapezius (back muscle). The facial nerve (VII) supports eyelid opening, movement of facial muscles (facial affect), and listening (e.g., extracting human voice from background noise) by innervating the stapedius (ear muscle) and face muscles. The glossopharyngeal (IX) supports vocalizations and verbalizations by innervating the pharynx. Lastly, the trigeminal nerve (V) may contribute to sensory and hearing difficulties in ASD by innervating the tensor tympani. As hypothesized by Porges, if individuals with ASD demonstrate difficulties producing these behaviors appropriately to environmental stimuli, one other cranial nerve-the vagus (X)-should also demonstrate differences (e.g., Porges, 2007b) .
In fact, emerging literature examining RSA in ASD finds exactly this. Specifically, higher baseline RSA may be related to more positive functioning in ASD. A recent study examined baseline RSA, social behavior (i.e., joint attention, conventional gestures), receptive language ability, and response to an attention-demanding stimuli in children aged 4-7 years old with an ASD (Patriquin et al., 2011) . This study found that higher amplitude baseline RSA was significantly correlated with better social engagement (i.e., more instances of joint attention and conventional gestures), higher receptive language scores, and more responsivity to attention-demanding stimuli. These results support prior findings that also suggest that higher baseline RSA is associated with better functioning within ASD. For example, children and adolescents with ASD who had higher amplitude RSA at baseline were better at recognizing emotions (Bal et al., 2010) . Additionally, children with ASD (aged 8-12) who had higher baseline RSA demonstrated better parentreported social skills and fewer problem behaviors (Van Hecke et al., 2009) . Taken together, these results support the notion that higher baseline RSA can be a marker of more positive functioning within the autism spectrum. Moreover, it is possible that RSA can similarly reflect the range of functioning in social responsiveness that occurs on a continuum in typically developing children as well as children with psychopathology.
To our knowledge, relations between the developmental trajectory of RSA across early development and social responsiveness related to ASD have not been examined. As such, the objectives for this study were twofold: (1) to examine the trajectories of RSA prospectively in a community sample of children from 5 to 48 months, and (2) to determine if different RSA trajectories are associated with variations in social responsiveness. This study provides critical insight to the developmental changes in RSA that may be associated with range of variability in social responsiveness that occurs in typically developing children.
METHOD Participants
Participants were part of a sample of children and mothers enrolled in a longitudinal study examining cognition and emotion integration across early development. The RSA data acquired during five research lab visits (5, 10, 24, 36, and 48 months) and maternal report of social responsiveness at 48 months were the focus of the current study. The children in this analysis represent one cohort of the children in the larger longitudinal study and are the only cohort for which social responsiveness data are available. The sample of 106 children (50 boys and 56 girls; ethnicity: 4.7% Hispanic, 95.3% non-Hispanic; race: 87.7% Caucasian, 1.9% African American, .9% Asian, 8.5% multi-racial, .9% other) were born full-term and had no diagnosed neurological or developmental problems. All parents completed a high school education, with 73% of mothers and 66% of fathers having a college degree. Families were paid for participation in the study and children were given a small gift at each visit.
Procedures
Upon arrival at the research laboratory for each of the five visits, participants and their mothers were greeted, procedures were described, and signed consent was obtained from the mothers. Prior to the 48-month visit, mothers were mailed the Social Responsiveness Scale (SRS) (Constantino, 2002) and the completed questionnaire was collected at the lab visit.
RSA Acquisition. After parental consent at each age, children were given an opportunity to acclimate to the research lab and the experimenter. Then electrocardiogram (ECG) electrodes were applied and a baseline recording procedure began. ECG was measured from two disposable electrodes using modified lead II alignment (right collarbone and lower left rib; Stern, Ray, & Quigley, 2001 ), grounded at the scalp near electrode site Fz. The cardiac electrical activity was amplified using a SA Instrumentation Bioamp (San Diego, CA) and bandpassed from .1 to 100 Hz. The QRS complex was displayed on the acquisition computer monitor and digitized at 512 samples per second. The acquisition software was Snapshot-Snapstream (HEM Data Corp., Southfield, MI) and the raw data were stored for later R-wave detection and RSA analyses.
Baseline electrophysiology was recorded for 1 min during each of the infant lab visits (5 months, 10 months) while the infant sat on the mother's lap. During the baseline recording, a research assistant manipulated a toy containing brightly colored balls on top of the testing table, 1.1 m in front of the infant. This procedure quieted the infant and yielded minimal gross motor movements. Mothers were instructed not to talk to infants during the baseline recording. This is our typical baseline for infant electrophysiology research (e.g., Bell, 2012; Cuevas & Bell, 2011) .
During the toddler (24 months) and preschool (36 months, 48 months) visits, baseline electrophysiology was recorded as each child sat quietly for 2 min and watched a clip from the Disney film, Finding Nemo (sea turtles riding the East Australian Current). This procedure quieted the child and yielded minimal gross motor movements. Mothers sat in a chair beside the child and did not interact with the child during the recording. This is our typical baseline for toddler and preschooler electrophysiology research (e.g., Cuevas, Raj, & Bell, 2012; Morasch & Bell, 2012) .
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Trajectories of RSARSA Analysis. ECG data were examined and analyzed using IBI Analysis System software developed by James Long Company (Caroga Lake, NY). First, R waves were detected offline with a four-pass peak detection algorithm, resulting in a data file with onset times for each detected R-wave. Next, the ECG signal was viewed on a computer monitor along with tick marks representing the onset times of the IBI software detected R-waves. For undetected visible and obscured R-waves, the tick marks were inserted manually. Movement artifact was designated by the absence of at least three consecutive R-waves. These artifact-scored epochs were eliminated from all calculations. The edited R-wave was converted to heart period (i.e., time between heart beats). Spectral analysis was used to calculate high frequency variability (i.e., RSA) in the heart period data, using a discrete Fourier transform with a 16-s Hanning window and 50% overlap. The frequency band for quantification of RSA at each age was .24-1.04 Hz. This frequency band is appropriate for all age groups between infancy and early childhood (BarHaim, Marshall, & Fox, 2000) . The RSA data were transformed using natural log to normalize the distribution.
Social Responsiveness. Social responsiveness was measured at 48 months using maternal report on the SRS (Constantino, 2002) . SRS is a 65-item questionnaire focused on various dimensions of social behaviors associated with ASD. Mothers rate specific, observable aspects of social behavior on a scale from one (not true) to four (almost always true). The value of using SRS in this study is that the items can be used to form a single social responsiveness total score that is continuously distributed in the general population (Constantino, Przybeck, Friesen, & Todd, 2000; . A higher score indicates greater social impairment. For our sample, the SRS total score had an internal consistency of a ¼ .87.
In addition to a total score, the SRS also has five subscales. The social awareness scale focuses on detection of social cues and sensory aspects of reciprocal social behavior. The social cognition scale involves social information processing or cognitive-interpretive aspects of reciprocal social behavior. Social communication includes the capacity for reciprocal expressive social communication, while social motivation includes anxiety, inhibition, and empathy. Finally, the autistic mannerisms scale includes stereotypical, repetitive behaviors or highly restricted interests that are characteristic of autism.
Data Analysis. Group-based trajectory analyses were conducted on baseline RSA data collected from the children at 5, 10, 24, 36, and 48 months using SAS macro PROC TRAJ (http://www.andrew.cmu.edu/user/bjones/; Jones, Nagin, & Roeder, 2001; Nagin, 2005) . Model selection involved a twostage selection process of identifying both the optimal number of trajectory groups and the optimal order of polynomial that best described the trajectory of each group identified in the first step. Baseline RSA trajectory group assignments then allowed for the examination of group differences on subsequent SRS total and subscale scores according to Jones and Nagin's (2007) Table 2 presents inter-correlations for the same variables. As expected, there were several significant positive correlations between baseline RSA at the different time points. There were few significant correlations, however, between baseline RSA and SRS T-scores, including the time point at which the SRS was completed (48 months).
RESULTS

Descriptive Statistics and Inter-Correlations
Trajectory Analysis of Baseline RSA
Results from the group-based trajectory analysis indicated that a two-group quadratic trajectory model best fit baseline RSA over the five different time points ( Fig. 1; Tab. 3). This model was preferable to a model with only one group, as well as to models with more than two groups. The Bayesian Information Criterion (BIC) is commonly used to inform decisions regarding model selection (Kass & Raftery, 1995; Schwarz, 1978) . Table 4 presents BIC values for models with 
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Trajectories of RSAnumber of groups between one and five, as well as statistics for model comparisons. Kass and Raftery (1995) and Schwarz (1978) recommend choosing the model with the largest BIC value, which supported the selection of the two-group model. Additionally, an approximation for the BIC log Bayes factor, 2(DBIC) (where DBIC ¼ BIC for more complex model-BIC for simpler model), also supported the selection of the twogroup model (for more information, see Jones et al., 2001 ). The two-group model also evidenced conceptual interpretability in terms of ''typical'' and ''atypical.'' A model with an additional group (three groups in total) evidenced one trajectory group that was very similar to a previously identified group, which did not lead to increased interpretability. The two-group quadratic trajectory model was also preferable to two-group models with any trajectory other than quadratic. The decision regarding the polynomial order began at the lowest order for both groups; polynomial terms were added to each group so long as the coefficients remained significant. For both groups, both the linear and quadratic terms were significant, but the cubic term was significant for neither group, so it did not remain in the final model.
The estimated population group proportions for the two-group quadratic trajectory model were 90.6% for a ''typical'' group (Group 1) whose average baseline RSA tended to increase gradually during the period from 5 to 48 months of age, and an estimated 9.4% for an ''atypical'' group (Group 2) whose average baseline RSA tended to increase greatly between 5 and 24 months of age, but then demonstrated a plateau between 24 and 48 months of age. For this particular sample, of the 105 participants with usable baseline RSA data, 98 (93.3%) were assigned to Group 1, while 7 were assigned to Group 2 (6.7%). The estimated population proportions approximate the sample membership proportions, supporting good model fit. Additionally, average posterior probabilities of group membership were very high (.97 for membership in Group 1, .99 for membership in Group 2). These probabilities exceed the threshold of .7 recommended by Nagin (2005) , which suggests that distinct groups are present and that this model fits well.
Comparison of SRS Scores by Trajectory Group
Based on the results of the trajectory analysis that identified two distinct groups, Jones and Nagin's (2007) Extension 5 was used to relate baseline RSA trajectory groups to subsequent SRS scores (T-scores for Total score and the five subscales). Of the participants assigned to Group 1 (''typical'') in the trajectory analysis, 56 had SRS data at 48 months. Of the participants assigned to Group 2 (''atypical''), 6 had SRS data at 48 months. Table 5 presents 95% confidence intervals comparing Group 1 and Group 2 on SRS scores. According to these results, T-scores for Total score and the subscales of social cognition and social communication differed significantly by baseline RSA trajectory group, with Group 2 evidencing significantly higher scores on all three. This suggests that the two distinct baseline RSA trajectory groups also evidenced significant differences in their total SRS scores and in two SRS subscales at the age of 48 months. Group 1 and Group 2 did not differ significantly on the subscales of social awareness, social motivation, or autistic mannerisms.
Exploratory Analyses With Two and Three Observations
Supplemental analyses were also conducted to determine whether group-based trajectory analyses would reveal similar groups with only two or three observations. Specifically, since the baseline RSA observations at 24, 36, and 48 months evidenced the greatest differentiation between the two assigned groups (with less differentiation at 5 and 10 months), different combinations of these three observations were analyzed to then consider group differences on the SRS. A group-based trajectory analysis of only the 24-and 48-month baseline RSA observations did not reveal group differences on any of the outcome variables (SRS Total T-score and all five subscales). Likewise, a similar analysis of only the 24-and 36-month baseline RSA observations did not reveal group differences on any of the outcome variables. However, a group-based trajectory analysis of only the 36-and 48-month baseline RSA observations revealed a significant group difference on the social awareness subscale of the SRS (95% confidence intervals: Group 1 [51.14, 56.49], Group 2 [56.75, 68.99]), but not on any other outcome variables. Likewise, a similar analysis of only three observations (baseline RSA at 24, 36, and 48 months) revealed a significant group difference on the social cognition subscale of the SRS (95% confidence intervals: Group 1 [49.46, 53.84], Group 2 [55.14, 68.73]), but not on any of the other outcome variables. As such, while some significant differences emerged based on analyses with only two or three baseline RSA observations, the analysis with all five observations identified the greatest number of significant group differences in SRS scores.
DISCUSSION
This study examined the developmental trajectories of RSA in typically developing children across 5, 10, 24, Note: Group 1 (n ¼ 56); Group 2 (n ¼ 6).
36, and 48 months of age and the association with social responsiveness. Our findings suggest the possibility of a developmental ''delay'' or plateau of RSA development in one RSA trajectory group that is related to more difficulties with social responsiveness (particularly, social cognition and social communication). These results highlight the importance of examining how developmental trajectories of RSA throughout infancy/ childhood may be associated with social responsiveness difficulties that are considered to be characteristic of ASD.
Our group-based developmental trajectory analyses, based on Nagin (2005), revealed a two-group quadratic trajectory model fit best. The ''typical'' group (93.3% of the sample) demonstrated a gradual increase in RSA from 4 to 48 months of age, which is similar to findings in typically developing infants and children (i.e., RSA increases, HR slows; Izard et al., 1991; Porges et al., 1994; Richards, 1989; Stifter et al., 1989) . Our groupbased trajectory model also revealed a second, ''atypical,'' group (6.7% of the sample). Instead of exhibiting the gradual increase in RSA across development, this group showed an increase in RSA from 5 to 24 months and a plateau between 24 and 48 months. The plateau illustrated by our group-based trajectory modeling seems consistent with a developmental ''delay'' in the autonomic nervous system (i.e., vagal development). We speculate that the ''typical'' RSA trajectory group may gradually increase in RSA until age 5 (Bornstein & Suess, 2000) , potentially surpassing the ''atypical'' RSA trajectory group in RSA development due to the atypical group's plateau (or delay). Yet, we stress that this is a point for future research and the data herein cannot confirm/disconfirm this hypothesis. Without typical physiological organization and development (i.e., gradual increase in RSA), however, the ''atypical'' RSA trajectory group infants/children may demonstrate less physiological flexibility to environmental/social stimuli contributing to more social-cognitive and attentional difficulties (Porges, 2003) .
In particular, the five cranial nerves (i.e., trigeminal, facial, accessory, glossopharyngeal, and vagus) that comprise the Social Engagement System (e.g., Porges & Lewis, 2009) may not be developed in a coordinated manner, suggesting a compromised ability to engage properly in the social world. The two-group trajectory model that emerged in this study may be one broad indicator of the coordination of the Social Engagement System as it develops across infancy and early childhood. In prior studies, this has been retrospectively hypothesized by findings of RSA differences in children/ adolescents with ASD (Bal et al., 2010; Patriquin et al., 2011; Van Hecke et al., 2009) , whose social impairments are a primary characteristic of their diagnosis (American Psychiatric Association, 2000; Kanner, 1943) . Notably, this study was conducted on typically developing infants/children, but we did examine the differences of the typical and atypical trajectory groups on the SRS, which is highly correlated with a goldstandard assessment measure of ASD, the Autism Diagnostic Interview, Revised .
When compared to the typical RSA development group, the atypical RSA development group demonstrated significantly higher scores on the SRS total score and on the social cognition and social communication subscale scores. On the SRS, a higher score indicates more difficulty in that domain. Therefore, the infants/children that demonstrated atypical patterns in their physiological development (i.e., development of RSA/vagal regulation) across 24-48 months demonstrated more social responsiveness difficulties. In contrast to the typical group, which showed a gradual increase in RSA development, the steep increase in vagal regulation for the atypical group and then delay, or plateau, in development may contribute to more difficulties in the coordination of Social Engagement System cranial nerve development and to more difficulties in social responsiveness.
There are limitations to this study. The atypical RSA development group did not demonstrate significant differences on the social awareness, social motivation, and autistic mannerisms subscales of the SRS, although the scores were in the hypothesized direction (i.e., atypical group had higher scores on both subscales relative to the typical group). These differences may be due to the number of participants allocated in the group-based trajectory modeling to the atypical group. In the trajectory modeling, 98 children were assigned to the typical group and 7 to the atypical group. Further, because only seven individuals were allocated to the atypical group, the quadratic fit for the atypical developers and the reliability of these findings are currently unknown. In relating trajectory group assignments to subsequent SRS data, only 56 children in the typical group and 6 in the atypical group had complete SRS data. In addition, we found that five observations (at 5, 10, 24, 36, and 48 months) identified the greatest number of significant group differences on the SRS compared to combinations of two or three observations (at 24, 36, and 48 months). The two or three group analyses, however, may have also been underpowered due to a small sample size. Future researchers, who are interested in designing longitudinal studies that examine RSA developmental patterns and symptoms associated with ASD, should take into account these findings and attempt to recruit a larger sample to achieve the variability necessary to examine atypical RSA developmental trajectories, potentially with fewer observations. Despite the limitations, these initial findings provide a valuable illustration of the developmental trajectories of RSA and how a specific developmental pattern may be related to difficulties in social responsiveness. Our findings also emphasize the importance of designing longitudinal studies that prospectively examine the development of RSA and the correlates of RSA development, particularly in the context of psychopathologies that have been associated with differences in RSA, including ASD. Moreover, since the present study did not specifically recruit individuals who were at-risk (e.g., showed developmental delays), this highlights the variability of social responsiveness skills and RSA patterns on a continuum in the general population, and supports the notion of examining psychopathologies from a domainspecific, dimensional perspective (Insel et al., 2010) .
In conclusion, with our data, we add to the literature that describes the connection between difficulties in social behavior and RSA. Our findings also stress the importance of examining symptoms of psychopathology from a biobehavioral, dimensional perspective to gain objective insight to typical and atypical development.
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